Neurons that signal eye position are thought to make a vital contribution to 26 distinguishing real-world motion from retinal motion due to eye movements, but 27 relatively little is known about such neurons in the human brain. Here we present data 28 from functional magnetic resonance imaging experiments that are consistent with the 29 existence of neurons sensitive to eye-position in darkness in the human posterior parietal 30 cortex. We utilised the enhanced sensitivity of multi-voxel pattern analysis (MVPA) 31 techniques, combined with a searchlight paradigm, to isolate brain regions sensitive to 32 direction of gaze. During data acquisition, participants were cued to direct their gaze to 33 the left or right for sustained periods as part of a block-design paradigm. Following the 34 exclusion of saccade-related activity from the data, the multivariate analysis showed 35 sensitivity to tonic eye position in two localised posterior parietal regions, namely the 36 dorsal precuneus and, more weakly, the posterior aspect of the intraparietal sulcus. 37 Sensitivity to eye position was also seen in anterior portions of the occipital cortex. The 38 observed sensitivity of visual cortical neurons to eye position, even in the total absence 39 of visual stimulation, is possibly a result of feedback from posterior parietal regions 40 which receive eye position signals and explicitly encode direction of gaze. 41
INTRODUCTION 44 45
Signals that indicate the position of the eyes in the head are critically important 46 in vision, allowing us to disambiguate the information inherent in the retinal image. The 47 initial representation of the visual world is retinotopic: receptive field locations are fixed 48 relative to the retina. When the eyes move, a retinocentric system is liable to 49 misinterpret the resulting image movement as movement of the world. In fact, we have 50 very stable perception of a stationary world, showing that at some stage of processing, 51 the retinocentric framework is discarded and a geocentric, or at least a craniocentric, 52 frame of reference is adopted. Such a framework is necessary not only for stable 53 perception but also for effective visually guided reaching and eye movements. 54
Knowledge of eye position may not always be sufficient to ensure stable and veridical 55 perception but it is believed to be an important requirement (e.g. Howard, 1993) . 56
In the primate visual system, neurons sensitive to the position of the eye in the 57 orbit are found in the posterior parietal cortex (PPC) ( occipital, rather than parietal, cortex. In the primary visual cortex, activity was increased 77 in the hemisphere contralateral to the direction of gaze, while elsewhere in occipital 78 cortex it was greater in the ipsilateral hemisphere. These influences probably reflect 79 modulations of visual sensitivity (or spontaneous activity in the absence of stimulation) 80 and not the eye position code itself. Parietal effects were found when fixation was 81 contrasted with rest, but when rightward and leftward fixation were contrasted, 82 differential activity was sparse. 83
Neurons giving tonic responses related to eye position appear to have no 84 systematic arrangement on the cortical surface (Squatrito and Maioli 1996) . 85
Demonstrating effects of eye position via changes in BOLD amplitude is extremely 86 difficult if neurons with different preferences are intermingled: changing gaze might 87 change the distribution of responses within a local population but would not change the 88 total activity in the population and so would not show as a change in the BOLD 89 response. In this study, we utilise the enhanced sensitivity of multi-voxel pattern 90 analysis (MVPA) techniques, combined with a searchlight paradigm to establish brain 91 locations sensitive to eye position changes. Such multivariate analyses have recently 92 been utilised to explore the microarchitecture of cortical areas whose functional 93 Two experiments are presented here, the aim being to determine whether pattern 109 classification techniques could successfully distinguish between signals evoked by cells 110 that code different eye positions, and to identify their location within the brain. 111
Participants and design: Eight, healthy experienced observers (4 female) 112 participated in the experiments, two of which participated in both; mean age was 29.1 113 (range, 20-55). All had normal, or corrected-to-normal vision, and gave written 114 informed consent. The stimulus comprised two small, dim points of light viewed in total 115 darkness. These acted as fixation points. They were generated by two lasers, each 116 consisting of a red LED and a lens that was adjusted so as to focus the beam on a rear-117 projection screen situated at the end of the scanner behind the subject's head. When 118 viewed from the supine position via a mirror these fixation points were separated 119 horizontally by 20 degrees of visual angle. To reduce scattered light to sub-threshold 6 levels, an adjustable neutral density filter was placed in the projection path. The 121 attenuation was set such that the light sources themselves were barely visible and no 122 scattered light was visible. All sources of stray light in the room were eliminated., All 123 participants reported that they could see nothing except the two dim spots, even after 124 prolonged dark adaptation. This ensured that when the eyes moved, there were no 125 changes in retinal stimulation to which BOLD activity could be attributed. 126
Both experiments followed a block design. The first experiment had a fixation 127 point appearing on the right for 40s, and then on the left for 40s; this was repeated a total 128 of three times. This gave the appearance of a single spot that moved every 40s. The task 129 was to fixate the spot at all times making a saccade as it moved from one side to the 130 other. The stimulus sequence was preceded by a 10s period where no spot was present, 131 giving a total experiment time of 250s. Each participant completed ten repetitions of the 132 experiment. The second experiment was identical to the first in every respect, except 133 that within each block the fixation spot was turned off 2s after switching location. Thus 134 participants would see a spot appear on the right for 2s, they would fixate the spot, 135 attempt to maintain their current fixation for a further 38s in darkness, after which time 136 the spot would reappear on the left for 2s, and the process repeated (see Fig. 1 ). During 137 this experiment, eye movements were monitored throughout with a 60Hz infrared video 138 camera and pupil-tracking software (Arrington, Inc.). This enabled us to check that 139 participants were broadly maintaining the correct gaze direction. Visible red light from 140 the infrared source was completely removed by filtering (Kodak Wratten 87c). smoothing was applied, and the data for each individual was analysed separately. Each 155 timecourse was shifted by 3 TRs (6s) to account for the haemodynamic delay. 156
Our aim was to determine whether pattern classification techniques could 157 identify areas of the brain specific for coding eye position in darkness. Our approach 158 was therefore to make no assumptions about where in the brain regions of interest 159 (ROIs) should be located. To this end, the pattern classification analysis was based on a 160 Although we eliminated all stray light, two possible confounds exist. First, when 168 the spot moves there is inevitably a short delay before the re-fixation saccade is made 169 and during this time, retinal stimulation, although minimal, is different from the rest of 170 the scan. Second, the saccade itself is expected to generate activity in various regions, 171 including PPC (e.g. Culham et al. 2006) . In order to eliminate any possible influence of 172 these transient events on the classifier, we used a subset of timepoints from within each 173 block. These were chosen from the centre of the block, starting 18 sec after a saccade 174 had been made and ending prior to the next saccade (see Fig. 1 ). It remains possible that 175 the selected timepoints reflect a degree of saccade planning remote to the saccade itself, 176 but it removes all peri-saccadic activity. The chosen timepoints were averaged within 177 each block, providing 60 independent exemplars (30 gaze left, 30 gaze right from ten 178 experiment repetitions) for the SVM analysis. For each set of averaged timepoints, 125 179 voxels from the searchlight window were extracted and assembled as a feature vector, 180 and normalised to unit length. Each vector was also labelled as representing either 181 gazing left or gazing right. 182
The classification accuracy of the SVM was assessed using a leave-one-out 183 cross-validation technique where data from one run was used for testing the classifier, 184 and the remaining nine used for training. This was repeated ten times, using a different 185 run for testing each time, and the 10 classification accuracies were averaged to provide 186 an estimate of SVM performance. This measure of accuracy was assigned to the voxel 187 coordinates at the centre of the searchlight window. The window was then shifted by 188 one voxel and the entire process was repeated. The final result, once the window had 189 navigated through the entire EPI volume, was a new functional volume in which voxel 190 values correspond to classifier accuracy. 191
For visualisation of results in individual subjects, the SVM volume was 192 coregistered with the subject's anatomy. The data were viewed superimposed on the 3D 193 anatomy and also on cortical reconstructions generated with FreeSurfer all subjects were spatially transformed to match the MNI template (using FLIRT; 196 http://fsl.fmrib.ox.ac.uk/fsl/flirt/) and classification performance was averaged across 197 subjects at each voxel in standard MNI space to create an average SVM volume. We 198 also performed a second-level analysis to determine whether decoding performance was 199 above chance between subjects using a voxelwise t-test, thresholded at p<0.01 (unc). In all participants, classifier performance is high in an area of the precuneus, 251 close to the border with the SPL (Fig. 3, asterisks) , the only exception being the right 252 hemisphere of participant ATS. In some participants, the activity in the precuneus is 253 located more anteriorly (e.g. KL), while in others, it is situated posteriorly, closer to the 254 POS (e.g. AS). Thus the apparent extent of precuneus gaze sensitivity in the group 255 analysis (Fig. 2C ) may be an artefact of averaging. 256
In several cases, regions of high classification performance can be seen in lateral 257 PPC, including parts of the IPS (Fig. 3, arrows) . Sensitivity is clearly observed in the 258 right hemisphere of each of our participants, but with the current threshold levels, there 259 is scant evidence for it in the left hemisphere. Activity in the IPS is not evident in the 260 group analysis even in the right hemisphere, perhaps because of variability in its 261 position across individuals. The medial occipital sensitivity to direction of gaze near the 262 POS that was identified in the group analysis (Fig. 2C) is also evident in some of the 263 individual maps. It is particularly prominent in participant KL, where this sensitivity to 264 direction of gaze is also observed to extend into the fundus of the POS (confirmed from 265 inflated representations). In AS on the other hand, it is slightly more medial/posterior 266 and this is more typical of the group. This region could be V6, or possibly V3A, but this 267 cannot be confirmed without independently localizing these areas. Most areas showing gaze sensitivity correspond to areas identified in Experiment 1. The 295 most notable difference is the much weaker eye-position coding in posterior parts of the 296 occipital cortex (Fig. 5A ). Sensitivity in more anterior portions remains strong. 297
The group-level analysis identifies two distinct peaks in classification 298 performance. The first, and overall, peak in classifier performance (81%) is located at 299 the most anterior aspect of the occipital lobe on the superior (dorsal) side of the 300 calcarine sulcus and close to the junction with the POS (Fig. 5B, [8 Exp. 1 identified a region of the precuneus having high sensitivity to direction of 324 gaze, which was also evidenced in Exp. 2 and the group analysis presented in Fig. 5 . 325 This is confirmed in the individual maps, where classifier performance is high in the 326 majority of participants, although it is clearly more extensive in some compared to 327 others (Fig. 6, asterisks) . In addition, Fig that saccade-related activity might be found in proximity to tonic gaze responses, we 385 excluded from our analysis the timepoints preceding and following each re-fixation, so 386 as to be sure that our results isolate tonic activity during fixation. Finding eye-position 387 and saccade-related activity in similar locations is perhaps not surprising: it makes 388 intuitive sense that an area involved in planning saccades would require information 389 about current eye position in order to generate effective plans. 390
We also conducted a standard univariate analysis of our data. A statistical 391 contrast between left and right gaze positions revealed no differential activity in any part 392 of the acquisition volume in either a random-effects or a fixed-effects group analysis 393 (p<0.05 FWE). This suggests that neurons with different preferences are intermixed on 394 the scale of MRI voxels, requiring multivariate pattern analysis to reveal their presence; 395 certainly multivariate analysis is much more sensitive. This is perhaps surprising 396 because the human IPS contains several areas that have retinotopic maps of attended 397 space, as revealed by either covert attentional shifts or saccades (Schluppeck et al. 2005; 398 Sereno et al. 2001; Silver et al. 2005 ). However, the lack of spatial organization of eye 399 position neurons (as far as we are able to detect), even to the extent of a contralateral 400 preference, is in line with physiological data from macaque area 7a. For example, 401 Squatrito and Maioli (1996) say "[eye position] neurones very close to each other in 402 space often showed disparate … ramp orientations" and "our experiments did not reveal 403 any ordered arrangement of the preferred eye positions in the cortex" (p. 393). 404
The gaze-related activity we see in the IPS is confined to the right hemisphere. 405
This may reflect genuine laterality, although caution is required in case we simply 406 missed the corresponding decoding ability in the left hemisphere through sensitivity 407 limitations (e.g. Fig. 3 , AB shows some left hemisphere sensitivity). According to 408 Konen et al. (2004) , the right IPS is more heavily involved than the left in saccade-409 related activity but we know of no evidence of this in the case of tonic gaze responses. 410
However, if gaze information in IPS is functionally tied to saccade planning then it 411 would make sense for the two to be co-localized and that might include being co-412 lateralized. 413
414
Medial parietal eye-position neurons 415 416
We have also provided evidence that eye position is encoded in the precuneus 417 (the medial portion of the human posterior parietal cortex). In contrast to the IPS, this 418 result is highly robust, being seen in the group analysis in both experiments and in 419 almost all individual hemispheres, both left and right. The position of this region varies 420 somewhat in the anterior-posterior dimension but is always in the dorsal part, close to 421 the SPL. Eye position neurons do not appear to have been reported in the precuneus of 422 the macaque. However, this region of the macaque brain has been much less extensively 423 studied than lateral parietal cortex. Moreover, there is evidence that macaque precuneus 424 is strongly connected with lateral parietal regions (Leichnetz 2001) and that it is 425 concerned with spatially guided behaviour (Salamon et al. 2003) . Equally little is known 426 of the human precuneus. It has been characterized in cytoarchitectonic terms 427 (Scheperjans et al. 2008 ) and a recent fMRI study (Marguilles et al. 2009 ) shows that it 428 can be divided into three zones based on connectivity at rest. The same zones could be 429 discerned with fMRI in macaques, suggesting a common overall organization. In a 430 review of precuneus function, Cavanna & Trimble (2006) conclude that the region 431 "works in concert with lateral posterior parietal cortex in elaborating information about 432 egocentric and allocentric spatial relations for body movement control." It is likely that 433 much of medial and lateral posterior parietal cortex uses eye position information in one 434 way or another, in both macaques and humans. Although the primate evidence for 435 "pure" eye position neurons concerns lateral parietal cortex, it could be that such 436 neurons also exist in the macaque precuneus but have not been found (or even sought). 437
438
Occipital sensitivity to eye position 439 440
Our multivariate analysis reveals extensive sensitivity to eye position in occipital 441 cortex. In Experiment 1, the location and extent of this sensitivity suggests that it 442 includes all the early retinotopic areas and also lateral occipital cortex. In medial 443 occipital cortex (broadly corresponding to V1-V3) sensitivity appears to be greater near 444 the occipital pole, where the central visual field is represented, than in more anterior 445 portions representing the far periphery. However, in Experiment 2, sensitivity is much 446 reduced in the central visual field representation. This suggests that it may be an artefact 447 of visual stimulation by the fixation spot, which was present continuously in Experiment 448 Experiment 2, suggesting that this is unrelated to the fixation point (which in any case 450 can only stimulate the fovea and parafovea, even allowing for a degree of fixation 451 instability). 452
Our results are consistent with the notion that the well-established visual areas in 453 medial occipital cortex contain many neurons that have receptive fields defined in 454 retinal space but response gain that is strongly modulated by gaze direction (or, appeared to concern baseline activity levels more than response magnitude. Finally, 465 evidence from multivariate analysis for modulation of visual responses by gaze direction 466 in early visual areas has recently been reported in abstract form (Merriam et al. 2008) . 467
If we assume that much of the eye position sensitivity in the parafoveal 468 representation seen in Experiment 1 is an artefact of visual stimulation, we are left with 469 the conclusion that sensitivity is much stronger in peripheral than central parts of the 470 visual field representation. This is very clear in Figs. 5B and 5C. If eye position 471 sensitivity in occipital cortex reflects modulatory influences from parietal and/or frontal 472 regions, then this modulation may be stronger in peripheral parts of the visual field. 473
Parieto-occipital sensitivity to eye-position: V6/V6A 475 476
The eye position sensitivity we report in occipital cortex includes a small region 477 on the posterior bank of the parieto-occipital sulcus (POS), near the dorsal surface of the 478 brain, that is thought to be the human homologue of macaque visual area V6 and/or 479 This corresponds well to the location of the POS gaze-sensitive region in the present 496 study (which peaks at MNI: 10 -86 34 in Experiment 1) and on this basis we conclude 497 that our occipital eye-position-sensitive region probably includes V6. Since gaze 498 sensitivity is apparently more developed in macaque V6A than V6, it is plausible that it 499 could include both regions. 500 501 Functional relationship of gaze-sensitive brain regions 502
We have observed sensitivity to tonic eye position in several different brain regions. Our 503 data do not directly address the relationships among these areas, but a plausible 504 speculation is that the medial and lateral parietal gaze-sensitive regions are primary in 505 the sense that they code eye position explicitly, while the occipital visual areas including 506 V6/V6A utilize this information to modulate their activity in a way appropriate to visual 507 function. As stated in the Introduction, eye-position information has been found in 508 several cortical and sub-cortical regions, but the origin and inter-relation of these signals 509 remains unclear. Further experiments will be needed to elaborate the connectivity of the 510 eye-position-sensitive brain regions we have described. 511 512
Conclusion 513
In summary, we present evidence consistent with the previously reported existence of 514 sensitivity to gaze direction in human early visual areas, using multivariate analysis. We 515 address the possible origins of the signals that modulate visual cortex by demonstrating 516 similar sensitivity, in total darkness, in two posterior parietal regions. The more 517 prominent is in bilateral medial PPC (precuneus), with weaker sensitivity in lateral PPC, 518 in and around the right intraparietal sulcus. 519 520 shows a distinct peak of greater-than-chance classifier performance in the medial 689 precuneus, similar to that observed in Exp. 1 (Fig. 2) . 
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